Abstract The aim of this work was to ascertain whether a submerged culture of a white rot fungus could be used to treat distillery wastewater, and whether the compounds present in the wastewater would stimulate laccase production. Trametes pubescens MB 89, Ceriporiopsis subvermispora, Pycnoporus cinnabarinus and UD4 were screened for their ability for the bioremediation of a raw, untreated distillery wastewater as well as distillery wastewater that had been pretreated by polyvinylpolypyrrolidone. Suitability of each strain was measured as a function of decreasing the chemical oxygen demand (COD) and total phenolic compounds concentration and the colour of the wastewater, while simultaneously producing laccase in high titres. After screening, T. pubescens MB 89 was used further in flask cultures and attained 79^1.1% COD removal, 80^4.6% total phenols removal, 71^1.6% decrease in colour at an absorbance of 500 nm and increased the pH from 5.3 to near-neutral. Laccase activity in flask cultures peaked at 4,644^228 units/l, while the activity in a 50 l bubble lift reactor peaked at 12,966^71 units/l. Trametes pubescens MB 89 greatly improved the quality of a wastewater known for toxicity towards biological treatment systems, while simultaneously producing an industrially relevant enzyme.
Introduction
Distilleries often produce large volumes of liquid wastes that are high in organic strength and are a major source of soil and water pollution (Blonskaja et al., 2003) . Wine distillery wastewater, or vinasse, is acidic (pH 3-4), varies in colour from brown to dark red and has a high biological and chemical oxygen demand (Lalov et al., 2000) . Distillery wastewater also contains high concentrations of phenolic compounds which are inhibitory to biological treatment by anaerobic digesters, as the compounds adversely affect the metabolic activity of the microorganisms (Borja et al., 1993) . Distillery wastewater pretreatment using white rot fungi has the potential to decrease the concentration of inhibitory phenolic compounds. Bubble lift reactors offer advantages over mechanically stirred tank reactors for wastewater treatment using aerobic monocultures. Aeration provides oxygen and mixing. There is no requirement for moving parts, which consume energy, have associated costs and are a potential source of contamination.
White rot fungi were selected because they are able to degrade high strength phenolic wastes due to the activity of their lignin degradation system, which comprises enzymes such as lignin peroxidase, manganese peroxidase and laccase. These enzymes degrade phenolic compounds that are normally toxic to conventional anaerobic treatment systems (Borja et al., 1993) . Laccase is particularly attractive as a bioremediation tool, as it has a broad substrate range, high catalytic constants and the secondary substrate, molecular oxygen, is reduced to water during the reaction (Thurston, 1994) . Laccase has shown remediation potential for wastewaters produced by industries such as beer brewing (Yague et al., 2000) , olive milling (Jaouani et al., 2003) , alcohol distilleries (Fitzgibbon et al., 1998) and dye-containing wastewaters from the textile industry (Wesenberg et al., 2003) as well as those from the paper and pulp industry (Archibald et al., 1997) . There are numerous applications for laccase and for systems incorporating the white rot fungi that produce the enzyme. There are excellent reviews that cover the use of laccase in the food and beverage industry (Minussi et al., 2002) , application of white rot fungi for bioremediation (Reddy, 1995) as well as the production of fungal enzymes (Ikehata et al., 2004) for wastewater treatment.
The objectives of this study were to investigate the use of white rot fungi to lower the chemical oxygen demand (COD) and total phenol concentration in wine distillery wastewater (thereby reducing the toxicity), to increase the pH to a level suitable for further treatment (e.g. by anaerobic digestion), and to decrease the colour. Concurrent to bioremediation a secondary objective was to produce laccase at a high concentration. Fungi were chosen due to their previously reported ability to produce high quantities of laccase (T. pubescens MB 89), thermostable laccase (UD4) or degradation potential (Ceriporiopsis subvermispora and Pycnoporus cinnabarinus).
Materials and methods
Four white rot fungi were initially screened for bioremediation and enzyme production potential in raw wastewater as well as PVPP-treated wastewater. The most promising fungus was further examined in flask cultures and a bubble lift bioreactor.
Cultures and maintenance
Trametes pubescens MB 89 and Ceriporiopsis subvermispora were purchased from Centraalbureau voor Schimmelcultures (The Netherlands, cultures 696.94 and 347.63, respectively). An unidentified wild isolate termed UD4 was kindly donated by Dr J. Jordaan (Jordaan et al., 2004) and a wild isolate of Pycnoporus cinnabarinus was donated by Miss N. Khan (Khan, 2005) . All four specimens were routinely subcultured on bacteriological agar (12 g/l, Biolab, Merck Chemicals (Pty) Ltd, Johannesburg) plates containing 2% malt extract (Biolab, Merck), 1% glucose (Saarchem, uniLAB, Merck) and 0.2% yeast extract (Biolab, Merck).
Screening for bioremediation and laccase synthesis
Wastewater was obtained from a brandy distillery near Worcester in the Western Cape province of South Africa (pH 3.9, total phenols of 540 mg/l and 25,500 mg/l COD) and stored at 4 8C. A portion of wastewater was treated with a fining agent called polyvinylpolypyrrolidone (PVPP) (Sigma Aldrich Ltd, Johannesburg) at 5% (w/v) for 10 minutes at room temperature (21 8C). Particulate matter and PVPP were removed by centrifugation twice at 14,300 g for 15 minutes in a J-10 Beckman centrifuge, followed by filtration through Whatman no. 1 filter paper. The pH of both PVPP-treated and untreated wastewater was adjusted to 5.3 using Na 2 CO 3 powder (Saarchem, uniLAB, Merck) , as this was the lowest pH tested at which growth had occurred. Aliquots of 60 ml were placed in 250 ml Schott bottles, covered with aluminium foil (to prevent contamination) and sterilised by autoclaving for 15 minutes. Triplicate samples of both PVPP-treated and untreated wastewater were inoculated with biomass of Ceriporiopsis subvermispora (1.38^0.24 g/l), UD4 (0.89^0.16 g/l), Pycnoporus cinnabarinus (1.12^0.39 g/l) or T. pubescens MB 89 (1.35^0.31 g/l) from the liquid cultures described above. The wastewater samples were placed on a benchtop shaker (Labcon SP015 þ UPF75, Maraisburg) at 150 rpm at 28 8C for 14 days. Control inocula in distilled water were conducted in duplicate.
The pH of the undiluted, raw wastewater was adjusted to 5.3 as above and 100 ml aliquots were placed in 500 ml Erlenmeyer flasks, covered with aluminium foil and autoclaved. Samples were inoculated with T. pubescens MB 89 (1.27^0.31 g/l) from stock cultures that had been exposed to a 10% dilution of wastewater containing 2% malt extract, 1% glucose and 0.2% yeast extract (all Merck, as above). The samples were placed in a shaking incubator (Labcon) at 150 rpm at 28 8C for 15 days. Wastewater flasks were conducted in triplicate and control inocula (distilled water) in duplicate. Samples were taken from the flasks daily and centrifuged in 1.5 ml Eppendorf containers at 9,660 g for two minutes (Heraeus Biofuge, Germany). The supernatant was aspirated, diluted appropriately and tested for laccase activity, total phenols concentration, COD, pH, and colour as indicated by a change in absorbance at 500 nm.
Fungal bubble lift bioreactor
Trametes pubescens MB 89 was cultured using a number of methods, including shake flask cultures, bubble lift reactors, airlift reactors, immobilised airlift reactors and a continuously stirred tank reactor. Bubble lift reactors yielded the best results so a 50 l bubble lift bioreactor was duly constructed and tested (Figure 1) . A 5 l inoculum was cultured in a 10% dilution of wastewater containing 2% malt extract, 1% glucose and 0.2% yeast extract (all Merck, as above) and aseptically added to 45 l autoclaved, full strength, raw, distillery wastewater. The initial biomass concentration was 0.73^0.08 g/l and the digestion took place at 28 8C. Hydraulic and mean cell retention times were 15.5 days. Aeration was provided by compressed air bubble diffusion at the base of the reactor through an inline 0.22 mm filter (Millipore, SA, 67120, Molsheim, France) at approximately 60 l/minute. The initial organic volumetric loading rate was 2.72 kg COD/ m 3 .day 21 .
Analytical methods
The COD concentration was measured using a colourimetric Spectroquant w method (reagents 14538 and 14539 (Merck), method number 14541, analagous to Standard Method 5220 D (Standard Methods, 1998)). Laccase activity was measured using a multi-wavelength multi-well plate reader (PowerWave x , Bio-Tek Instruments Inc, Winooska, VT, USA) with the oxidation of 0.1 mM 2,2'-azino-di-[3-ethylbenzthiazoline sulfonate (6)] (diammonium salt, Roche Diagnostics GmbH, Mannheim, Germany) according to Jordaan et al. (2004) . Total phenol concentrations was determined using Folin-Ciocalteus reagent (UN3624, Merck) (Khan, 2005) . The standard curve was obtained using pure phenol (Saarchem, univAR, Merck) . For the screening experiment, colour absorbance was compared by combining equal portions of the three replicates and adjusting to the original pH with 32% hydrochloric acid (Saarchem, Merck) and comparing 300 ml to the initial wastewater in the plate reader. For the shake flask experiments, the absorbance at 500 nm was measured by mixing a 100 ml sample with 200 ml distilled water in 33 mM phosphate buffered saline at pH 7. Values were converted to a percentage of the untreated wastewater. Biomass dry mass was determined using method 2540 D (Standard Methods, 1998).
Results and discussion
Screening for bioremediation and laccase synthesis
Pretreatment with PVPP was tested to study the effects of lowering the total phenolic compound concentration prior to fungal treatment. The PVPP treatment of the wastewater decreased the COD from 25,500 to 22,500 mg/l, total phenols from 540 to 223 mg/l and the colour by 46%. Of the four species screened, T. pubescens MB 89 displayed the greatest potential for reducing the COD, total phenols and the colour of the untreated as well as the PVPP-treated wastewater (Table 1) . Pretreatment of the wastewater with PVPP had little advantage other than a slight improvement in total phenols removal with T. pubescens MB 89. Fitzgibbon et al. (1998) tested the effects of gallic acid, vanillic acid, and molasses spent wash concentration on decolourising ability of four fungi (Geotrichum candidum, T. (Coriolus) versicolor, Phanerochaete chrysosporium and Mycelia sterilia) and also found the Trametes sp. to be superior to other fungi tested.
With some of the samples the colour was actually shown to increase with PVPP and fungal treatment. This was probably due to the conversion of phenolic compounds into more colour-absorbing compounds such as a quinone or dimer by fungal enzymes, or an increase in pH may have irreversibly reduced some of the phenols. The activities of laccase in the wastewater inoculated with T. pubescens were two orders of magnitude higher than activities obtained by the other three fungi. The reason for the lack of laccase production by UD4 could be attributed to its slow growth rate and the shaking culture conditions. UD4 has been previously reported to secrete low levels of laccase (Jordaan et al., 2004) . The low levels of laccase synthesis by P. cinnabarinus and C. subvermispora could be attributed to compounds present or absent from the wastewater as well as the growth conditions (pH, oxygen concentration and shaking). The large positive laccase activity value in the control for C. subvermispora indicated that a compound present or absent from the wastewater medium negatively affected laccase synthesis. Distillery wastewaters are known to have low available nitrogen concentrations and Table 1 Removal efficiencies of COD, total phenolic compounds and colour (%) as well as laccase activities (units/l) for the four white rot fungi in raw and PVPP-treated wastewater supplementation could increase laccase synthesis. Other studies using C. subvermispora have shown increased oxygen availability to decrease laccase synthesis (Rüttimann-Johnson et al., 1993) . The four fungal cultures were grown with shaking at 150 rpm, as static culture would not have been feasible when scaling up. Shaking increased oxygen mass transfer, enhancing biodegradation, but may have inhibited laccase synthesis in the wastewater. All further work was done using T. pubescens as a result of the screening data. Raw wastewater used as the PVPP treatment did not prove advantageous.
Flask cultures
The wastewater COD decreased from 25.5 to 5.5 g/l (Figure 2 ). The greatest reduction occurred over the first seven days, and the reduction rate slowed down thereafter. This is a significant reduction as a pretreatment step. The decrease in the COD reduction rate coincided with a metabolic transition, as indicated by an increase in pH as well as an increase in laccase activity. These results compared well to those achieved by Quinn and Marchant (1980) who used Geotrichum candidum in Irish malt whiskey distillery wastewater to obtain more than 81% COD removal in an aerated, 350 ml glass, water-jacketed, column fermentor at a temperature of 22 8C. The COD reduction attained here was very promising when compared with those obtained by Malandra et al. (2003) , who developed a 250 l prototype rotating biological contactor. The rotating biological contactor proved to be effective for the treatment of fresh winery wastewater as well as bottling plant wastewater, but was ineffective for the treatment of distillery wastewater. It was suspected that the metabolic activity of the microorganisms was inhibited by the high concentration of organic acids and polyphenols in distillery wastewater. The pH in the flask cultures (Figure 2 ) decreased over the first four days (attributable to metabolic activities involved in cellular growth) and then increased after the fifth day (attributed to metabolic activities during the stationary growth phase). The initial drop in pH concurs with Galhaup et al. (2002) , who reported a pH change from 5.0 to 3.6 during the growth phase and a sharp increase in pH when glucose in the medium was exhausted. These elevated pH values after fungal treatment (pH 6.5 as opposed to pH 4) would suit post treatment using anaerobic digestion better.
The concentration of total phenolic compounds was reduced by 80^4.6% (Figure 3 ). The majority of the removal occurred within the first two days, with a minor decrease thereafter. The large initial reduction could be attributed to enzymatic action, while the further removal of phenols can be attributed to cellular degradation or possibly synthesis of mediators that further aided enzymatic degradation (Eggert et al., 1996) . The reduction in phenolic compounds was related to the reduction in colour, as the dark colour of red wines is attributable to the polyphenols present. From prior work using anion exchange resins it was evident that a portion of the total phenols was highly inert. The recalcitrance to degradation may have been due to steric hindrance of the active site.
There was an initial increase in the absorbance reading at 500 nm ( Figure 3 ) simultaneous with the greatest reduction in total phenol levels. The colour increase could have been attributed to either the formation of small aggregates that were not removed by centrifugation, or the formation of a darker compound by the action of laccase that was either unstable and degraded naturally or was subsequently degraded by the biomass. The greatest colour reduction occurred between days one and three after inoculation. Swamy and Ramsay (1999) tested the ability of Bjerkandera sp. BOS55, Phanerochaete chrysosporium, T. trogii, Pleurotus ostreatus, and T. versicolor to decolourise the dyes Amaranth, Remazol Black B, Remazol Orange, Remazol Brilliant Blue, Reactive Blue, and Tropaeolin O. They reported that pellets of T. versicolor were capable of decolourising most dyes and rapidly decolourised repeated additions of the different dyes and dye mixtures without any visual sorption of any dye to the pellets. Extracellular liquid produced by T. hirsuta was used by Rodríguez Couto et al. (2004) to decolourise several synthetic dyes in vitro. At pH 4.0 Bromophenol Blue and Indigo Carmine were nearly totally degraded after 2 and 5 hours respectively. Nearly 70% of Methyl Orange degraded in 5 hours, while only 21% of Poly R-478 was degraded after 7 hours. Structural inaccessibility to the active site of the colour containing compounds as well as an E o greater than the enzyme was capable of oxidising would have negated the ability of laccase to react with the compounds. Laccase activities in the flask cultures showed a small initial peak at the third day, associated with fungal growth (Figure 4) . The activity then increased between days six and twelve, and then remained constant. This has been observed by other researchers, as laccase is first produced in lower concentrations constitutively with biomass increase, and then synthesised at a much greater rate during the idiophase (Collins and Dobson, 1997) . This strain is known to produce very high titres of laccase, and a variety of the phenolic compounds found in red wine are known for their inducer ability.
The highest activity measured in the 50 l bioreactor was over 12,000 units/l (Figure 4 ). The activities were in accordance with values obtained by Ryan et al. (2005) under submerged conditions and very favourable compared to those obtained by Osma et al. (2006) . Osma et al. used banana skins as a support-substrate using the same CBS strain and obtained a maximum laccase activity of 1,570 units/l. Results were two orders of magnitude lower than those reported by Galhaup et al. (2002) . This could have been attributed to the inducers and glucose concentrations cited by Galhuap et al. not being used in this study and possibly calculation differences. Nonetheless high laccase activities were attained using wastewater as a growth medium, while simultaneously treating the wastewater.
Conclusions
Trametes pubescens MB 89 displayed better potential than C. subvermispora, P. cinnabarinus and UD4 for decreasing the COD, total phenols and the colour of raw as well as PVPP-treated wastewater, as well as producing the highest titres of laccase. Trametes pubescens MB 89 treatment was shown to be effective as a biological wastewater treatment step, attaining 80^4.6% total phenol removal, 71^1.6% colour removal, 79^1.1% COD removal and pH increase from 5.3 to near-neutral. The fungaltreated wastewater would be more amenable to further biological treatment than the untreated wastewater, as the potentially toxic phenolic compound concentrations were greatly reduced.
The maximum laccase activity in the shake flask cultures was just under 5,000 units/l, while synthesis in the 50 l reactor was greater than 12,000 units/l. This was a considerable concentration of a valuable enzyme produced in a simple bubble lift reactor using a wastewater having had only its pH modified. The enzyme has considerable potential in a variety of applications and has remediation potential for wastewaters in beer brewing, olive milling, alcohol distilleries, paper and pulp industry and dye-containing wastewaters from the textile industry. 
